Intestinal adaptive immune responses influence host health, yet only a few intestinal bacteria species that induce cognate adaptive immune responses during homeostasis have been identified. Here, we show that Akkermansia muciniphila, an intestinal bacterium associated with systemic effects on host metabolism and PD-1 checkpoint immunotherapy, induces immunoglobulin G1 (IgG1) antibodies and antigen-specific T cell responses in mice. Unlike previously characterized mucosal responses, T cell responses to A. muciniphila are limited to T follicular helper cells in a gnotobiotic setting, without appreciable induction of other T helper fates or migration to the lamina propria. However, A. muciniphila-specific responses are context dependent and adopt other fates in conventional mice. These findings suggest that, during homeostasis, contextual signals influence T cell responses to the microbiota and modulate host immune function.
A daptive immune cells are critical contributors to tissue homeostasis in the intestine, with B cell-derived immunoglobulin A (IgA) playing a major role in establishing barrier function (1) . T cell-independent (TI) IgA recognizes a broad fraction of intestinal microbes. By contrast, only a few species that induce T celldependent (TD) IgA have been identified (2) (3) (4) . Until recently, intestinal IgG antibody responses were only thought to occur in the context of mucosal barrier disruption (5) or in response to enteric pathogens (6) and certain pathobionts that breach the intestinal barrier (7) . However, recent work has revealed that mice also generate broadly reactive TI anticommensal IgG2b and IgG3 in a largely Toll-like receptor 2 (TLR2)-and TLR4-dependent manner (8) .
Despite the abundance of foreign commensal antigens and the high frequency of effector and memory T cells within the intestine, only a small number of intestinal bacteria species that induce antigen-specific T cell responses during homeostasis have been identified (1, 9, 10) . Inappropriate T cell responses against the microbiota are believed to contribute to the pathogenesis of inflammatory bowel disease (11, 12) . However, anticommensal effector T cell responses have also been hypothesized to provide bystander protection in the context of enteric infections (13) . Thus, understanding which commensal species induce cognate T cell responses, the signals that mediate their induction and regulation, and their effects on host physiology remain important goals. Here, we describe an anticommensal TD IgG1 response and use it to identify and characterize a commensal species that induces T cell responses during homeostasis.
We examined serum antibody binding to intact commensal bacteria by staining fecal samples with paired mouse sera and isotype-specific secondary antibodies as previously described (8) . Surprisingly, comparing wild-type (WT) and T cell-deficient (Tcrb -/-) mice revealed that mice mount a microbiota-reactive IgG1 antibody response that is entirely dependent on ab T cells (Fig. 1, A and B, and fig. S1 , A to C), whereas anticommensal IgG2b, IgG3, and IgA are induced in a TI manner, as previously reported ( fig. S1A) (4, 8, 14) . The fraction of commensals 1 of 6 Feces and sera originated from the same mouse (paired serum) except when using antibody-deficient (Ighm -/-) serum as a negative staining control. SYBR Green labels a fraction of the microbiota, ensuring that SYBR hi events are bacteria, whereas some of the SYBR lo events are also commensals that are less permeable to the dye (8) . (B) IgG1 microbiota flow cytometric analysis compiled from eight independent experiments. All mice were housed at UC Berkeley. WT, n = 63; Tcrb -/-, n = 35. (C) IgG1 microbiota flow cytometric analysis with paired feces and sera from mice of the indicated genetic backgrounds and vivaria. Balb/c mice were from The Jackson Laboratory. Jax B6 and Tac B6 C57BL/6 mice were from the Jackson bound by TD IgG1 was~10% (Fig. 1B) , far less than the percentage recognized by IgA, IgG2b, and IgG3 ( fig. S1A ). Thus, mice produced IgG1 that appeared to recognize only a subset of microbes in the intestine, in contrast to the polyreactive TI antibodies that bind diverse bacteria (8, 15) . T cell-sufficient (Tcrb +/-) and Tcrb -/-cohoused littermates were compared with control for the composition of the microbiota, and an anticommensal IgG1 response was found only in Tcrb +/-mice ( fig. S1B ). Moreover, analysis of mice from multiple vendors and of different genetic backgrounds demonstrated that this IgG1 response was a general feature of healthy mice (Fig. 1C) .
To identify the commensal species targeted by this humoral response, we sorted IgG1-bound and -unbound populations from fecal samples stained with sera from corresponding mice (fig. S2, A and B) and performed 16S ribosomal DNA (rDNA) sequencing on the resulting fractions. Analysis of operational taxonomic units (OTUs) that were significantly enriched in the IgG1-positive fractions compared with the IgG1-negative fractions revealed two major IgG1 targets (Fig. 1D  and fig. S2 , C and D). These OTUs correspond to the Akkermansia genus (OTU2) and the Bacteroides S24-7 family (OTU63). Bacteroides S24-7 comprises a poorly characterized family of mouse intestinal microbes (16) . Akkermansia is a genus of commensals in the Verrucomicrobia phylum, which until recently, only contained one member, Akkermansia muciniphila (17) . A. muciniphila can degrade mucin (17) and is an abundant member of the human intestinal microbiota (18) . Colonization with A. muciniphila has been reported to have protective effects in diet-induced obesity (19, 20) , to promote mucosal wound healing (21) , and to increase antitumor responses during anti-PD-1 immunotherapy (22) . The mechanisms by which A. muciniphila mediates these diverse effects remain poorly understood, as little is known about host sensing of this bacterium. Therefore, based on the ability of A. muciniphila to induce TD IgG1 responses and its reported effects on host physiology, we sought to characterize the immune response to this bacterium.
We isolated A. muciniphila from mice in our colony by plating feces on selective media (17) . We then used bacterial flow cytometric analysis to confirm the presence of A. muciniphilaspecific IgG1 antibodies in the sera of mice that harbored A. muciniphila at steady state ( Fig. 2A) . These IgG1 antibody responses to A. muciniphila could consist of preexisting natural polyreactive specificities or could be antigen specific. To discriminate between these possibilities, we identified C57BL/6 mice lacking A. muciniphila in their microbiota (Fig. 2B) . Comparing IgG1 antibody responses between A. muciniphilanegative and A. muciniphila-positive mice confirmed that the induction of A. muciniphila-specific serum IgG1 responses required colonization with A. muciniphila as well as T cells (Fig. 2,  A to C, and fig. S3A ). A. muciniphila-positive mice also mounted serum A. muciniphila-specific TD IgA responses ( fig. S3B ). Moreover, de novo colonization of A. muciniphila-negative mice by oral gavage was sufficient to induce A. muciniphilaspecific IgG1 antibodies (Fig. 2, D to F, and fig.  S3C ). Thus, IgG1 responses to A. muciniphila are not derived from preexisting cross-reactive specificities. Rather, mice mount an antigen-specific TD IgG1 antibody response upon A. muciniphila colonization.
We noted that titers of serum IgG1 responses against A. muciniphila were variable across A. muciniphila-positive mice. A small number of mice lacked A. muciniphila-specific IgG1 altogether despite similar colonization (Fig. 2, B  and C, and fig. S3A ). One explanation for this variability is that variation within intestinal microbial communities may alter the response to A. muciniphila. Indeed, previous studies have shown that intestinal infection or inflammation can lead to altered bystander responses against commensal microbes (23) . To overcome such complications, we established a defined gnotobiotic system to determine whether direct engagement of the mucosal immune system by A. muciniphila underlies the TD IgG1 response. To this end, we introduced A. muciniphila into gnotobiotic C57BL/ 6 mice colonized with altered Schaedler flora (ASF) (24, 25) to generate two mouse colonies with identical microbiota except for the presence of A. muciniphila in the ASF+Akk colony. A. muciniphila colonized ASF+Akk mice to high levels and was vertically transmitted (Fig. 2G and  fig. S3D ). We restricted all of our analyses to progeny (or progeny of progeny) of ASF+Akk mice that acquired A. muciniphila via vertical transmission. Mice colonized with the ASF+Akk flora, but not the ASF flora alone, mounted IgG1 and IgA antibody responses specific for A. muciniphila, with very consistent titers between mice (Fig. 2, H  and I) . Thus, A. muciniphila directly engages the immune system to induce TD IgG1 and IgA.
To explore T cell responses to A. muciniphila, we expanded A. muciniphila-specific T cell lines from intestinal tissues of A. muciniphila-colonized mice and generated T cell hybridomas by fusion with BWZ.36 cells (26) (fig. S4, A and B) . We identified the antigens recognized by two of these hybridomas (124-2 and 168-H10) by screening an A. muciniphila genomic expression library for clones that stimulated each T cell hybridoma ( fig. S4, C to E) . The 124-2 hybridoma recognized a peptide derived from Amuc_RS03735, an outer membrane autotransporter domain-containing protein. Next, we generated A. muciniphilaspecific, T cell receptor (TCR)-transgenic mice (Amuc124) using the TCRa and TCRb chains from the 124-2 T cell hybridoma (figs. S4A and S5, A and B). Importantly, we maintained Amuc124 mice free of A. muciniphila colonization for all subsequent experiments.
We sought to track the T cell response to A. muciniphila by performing low-frequency adoptive transfers of naïve, congenically marked (Thy1.1) Amuc124 CD4 + T cells into ASF and ASF+Akk mice ( fig. S6A) . A. muciniphila-specific T cells expanded in ASF+Akk mice but were undetectable in ASF mice, indicating that A. muciniphila antigens are presented under homeostatic conditions (Fig. 3, A and B; fig. S6 , A and B; and fig. S3A ). Amuc124 T cells were localized to the Peyer's patches (PPs) and to the mesenteric lymph nodes (mLNs), but very few cells were found in the large intestine or small intestine lamina propria (LILP or SILP, respectively) (Fig. 3,  A and B, and fig. S6B ). The majority of transferred T cells expressed the T follicular helper (T FH ) cell markers PD-1, Bcl6, and CXCR5 (Fig. 3 , C to E, and fig. S6, C and D) , with a small percentage adopting the regulatory T cell (T reg ) marker FOXP3. The small number of T cells detectable in the LP were also skewed toward a T FH cell phenotype, most likely indicating that secondary or tertiary lymphoid tissues were not completely excluded from these preparations (Fig. 3F) . Transferred Rag1 +/+ or a Rag1
-/-Amuc124 T cells yielded similar results ( fig. S7, A  to D) . Surprisingly, transferred T cells expressing markers for T helper 1 (T H 1), T H 2, or T H 17 cells (T-bet, GATA3, or RORgt, respectively) were not detected in appreciable numbers ( fig. S6D ).
To track endogenous A. muciniphila-specific T cells, we generated I-A b tetramers loaded with the peptide TLYIGSGAILS (Thr-Leu-Tyr-Ile-GlySer-Gly-Ala-Ile-Leu-Ser) from the outer membrane protein Amuc_RS03735 (Am3735-1) (fig.  S4, C to F) . Endogenous, tetramer-positive, A. muciniphila-specific T cells were identified in the PPs of ASF+Akk but not ASF mice (Fig. 3, G and H), consistent with the results obtained with Amuc124 T cells after adoptive transfer. Moreover, the endogenous A. muciniphila-specific T cells identified by tetramer staining also expressed T FH cell markers (Fig. 3, I and J). An independent tetramer with a different Akkermansia epitope from Amuc_RS03740 (Am3740-1) yielded very similar results (Fig. 3, H to J) . Finally, we probed all gut-associated lymphoid tissue (LILP, PPs, and SILP) and mLNs with both tetramers. A. muciniphila-specific T cells were detected in the PPs but not in the LP (Fig. 3K) , which confirmed results obtained with Amuc124 T cell transfers. Thus, A. muciniphila induces antigenspecific T cell responses in the intestine that manifest primarily as T FH cells in the PPs.
Finally, we returned to specific pathogen-free (SPF) mice, in which we had observed greater variability in the A. muciniphila IgG1 response, and characterized the T cell response to A. muciniphila in the context of a conventional microbiota. Similar to our findings for the ASF system, transferred Amuc124 T cells expanded and localized to the PPs in A. muciniphila-positive mice but were undetectable in A. muciniphilanegative mice (Fig. 4, A and B, and fig. S8A ). The majority of transferred T cells in the PPs also adopted T FH cell markers (Fig. 4C and fig. S8B ). Therefore, A. muciniphila also induces a T FH cell response in the context of a complex microbiota. However, unlike the ASF+Akk system, greater numbers of transferred T cells were detected in the intestinal LP of A. muciniphila-positive mice (Fig. 4B) , some of which adopted markers consistent with proinflammatory T cell fates (Fig. 4,  D and E, and fig. S8 , C to E). Consistent with the variable A. muciniphila-specific IgG1 titers observed in SPF mice (Fig. 2C) , some cohorts of SPF Akk + mice lacked detectable T cell activation and proliferation after transfer despite the presence of A. muciniphila. Thus, T cell responses to A. muciniphila appear to be context dependent, resulting in the induction of other CD4 T effector fates in addition to T FH cells in certain conditions. Interestingly, and in contrast to what has been described for segmented filamentous bacteria (SFB) and Helicobacter spp. (9, 10, 27) , T cell responses to A. muciniphila in SPF mice were mixed between different CD4 T cell fates ( fig. S8E ).
Commensal-specific TD antibodies were previously thought to be restricted to IgA responses specific to a small subset of commensal species (2). Our work reveals that such TD antibodies also include IgG1, which recognizes a small subset of commensals, including A. muciniphila. These bacteria may share certain features, such as proximity to the intestinal epithelium, which may increase their potential to cause disease during barrier disruption. Indeed, systemic antibodies specific for commensal bacteria have been reported to protect against gut-derived septicemia (7, 28) , and A. muciniphila can promote disease in certain immunodeficient settings (29) .
Very few commensal antigens have been identified to date that lead to antigen-specific T cell responses in the gut during homeostasis. SFB and Helicobacter spp. both elicit very defined responses. SFB induce RORgt + T H 17 cells both in conventional and monocolonized mice (27) Prior work has established that A. muciniphila mediates effects on host metabolism (19, 20) and can influence the efficacy of anti-PD-1-based immunotherapy against cancer (22) . The mechanisms for these effects remain poorly understood, but both appear to be immune mediated and correlated with type 1 immunity. In particular, responses to anti-PD-1-based immunotherapy in humans were correlated with interferon gamma production by peripheral T cells incubated with A. muciniphila antigens in vitro (22) . Interestingly, not all patients generated type 1 responses against A. muciniphila. Our results provide a potential explanation for this varied response and suggest that differential skewing of A. muciniphila-specific T cell responses in individuals due to differences in microbiota composition or other environmental signals may have profound systemic effects. Defining the mechanisms by which these commensal-specific T cell responses can be skewed toward different fates is an important goal with clear clinical implications.
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